Introduction {#sec1-1}
============

Urinary infections such as acute and chronic pyelonephritis may induce severe inflammation, renal dysfunction and result in scar formation. Acute pyelonephritis (APN) is one of the most common infectious diseases occurring both in complicated and uncomplicated forms.\[[@ref1]\] Pyelonephritis may occur during pregnancy capable of causing perinatal and maternal disorders such as premature delivery, infants with low birth weight and transient renal insufficiency.\[[@ref2]\] *E. coli* is the major culprit in pyelonephritis followed by *Proteus spp*. and *Klebsiella spp*.\[[@ref3]--[@ref5]\] There are various antibiotic regimens for the treatment of APN including cefazolin, ceftriaxone, and gentamicin, which could be given alone or in combination.\[[@ref6]\]

Aminoglycosides, including gentamicin (GEN), the most common used member of this family, can exert considerable nephrotoxixity.\[[@ref7]\] It has been shown that the co-administration of poly-L-aspartic acid, fleroxacin with aminoglycosides may attenuate the nephrotoxicity of aminoglycosides.\[[@ref8][@ref9]\] Ceftriaxone (CEF), another broad-spectrum β-lactam antimicrobial agent, is also used for the treatment of APN. Previous reports indicate that CEF was clinically and microbiologically effective and the most patients could tolerate it well.\[[@ref10]\]

Mycophenolate mofetil (MMF) is employed as an immunosuppressive agent for the prophylaxis of organ rejection in patients receiving allogenic renal transplants. MMF inhibits inosine monophosphate dehydrogenase (IMPDH). In patients with renal insufficiency an increase of up to 50% in plasma concentration of mycophenolic acid (MPA) as active metabolite of MMF has been reported indicating urinary elimination of MMF and/or its metabolites.\[[@ref11]\] Accumulating data suggest that the use of MMF for the treatment of transplanted kidneys results in less chronic changes. At the same time, it has also been found that 30% to 50% of the renal transplanted patients develop APN within 2 months, which are counted as complicated APN.\[[@ref12]\]

Since MMF is administered for a long period of time in kidney recipients\[[@ref13]\] and there is a high risk of APN in the same patients, who may be treated with aminoglycosides or cephalosporins, this study aimed to evaluate the effects of GEN, CEF, and MMF on experimentally induced acute pyelonephritis. Moreover, the efficacy of combination therapy for the treatment of complicated APN was tested in experimentally induced APN in an animal model.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Forty two adult male Wistar rats (200-220 g) were obtained from the animal house of the Faculty of Veterinary Medicine, Urmia University. The rats were acclimatized for 1 week and had free access to food and water both during adaptation and experimental periods. The experimental protocols were approved by the ethical committee of Urmia University in accordance with principles of laboratory animal care (NIH publication no. 85-23, revised 1985). Animals were assigned into seven groups (*n* = 6) including APN/+NS (normal saline), APN/+GEN, APN/+CEF, APN/+MMF, APN/+GNM + MMF, and APN/+CEF+MMF. A group without APN was also used as the control group.

Pyelonephritis induction {#sec2-2}
------------------------

The APN induction was carried out as described previously.\[[@ref14]\] *Escherichia coli* (*E. coli*) ATCC 25922 strain, as a known pathogen in rats, was used for APN induction. Animals were anesthetized intraperitoneally with a combination of ketamin (40 mg/kg) and xylasine (4 mg/kg). The left side of the rats was shaved and aseptically prepared. Then the left kidney was surgically exposed. Subsequently, 100 μl from a freshly prepared suspension of bacteria, containing 10^6^ to 10^7^ organisms per ml of phosphate-buffered saline, was injected using a 26-gauge needle into the midpolar region of the kidney. The kidney was returned to its normal anatomical position and surgery was finalized with suturing muscle and skin layers.

Treatment protocol {#sec2-3}
------------------

Exactly 24 h after APN induction, APN rats were treated with normal saline (i.p.), GEN (20 mg/kg, i.p.), CEF (50 mg/kg, i.m.), MMF (15 mg/kg, p.o.), or GEN+MMF (20 mg/kg, i.p. + 15 mg/kg, p.o) and CEF +MMF (50 mg/ kg, i.m +15 mg/kg, p.o) for 14 consecutive days, while the control group received normal saline.

Hematological analyses {#sec2-4}
----------------------

A total of 0.5 ml of blood was transferred into a pediatric (1 ml) tube containing ethylene diaminetetraacetic acid (EDTA) as an anticoagulant. A blood smear was prepared from fresh blood dried in air and fixed with methanol. The slides then underwent a Giemsa staining. Hematological analyses were completed using an automated analyzer System (Hitachi 704, Japan).

Determination of the serum biochemical profile {#sec2-5}
----------------------------------------------

On days 4 and 15, following a light anesthesia induced with diethyl ether, the blood samples (0.5 mL) were collected directly from the heart. After one hour at room temperature the samples were centrifuged at 3000 g for 10 min to obtain the serum. To evaluate the impact of APN and the therapeutic effects of the agents on renal function, the serum levels of creatinine (Parsazmun Inc. Karaj, Iran) and BUN (DarmanKave, Isfahan, Iran) were determined. These measurements were performed using available commercial standard kits and according to the manufacturer\'s instructions.

Determination of minimal inhibitory concentration, minimal bactericidal concentration and inhibition zone diameter {#sec2-6}
------------------------------------------------------------------------------------------------------------------

The microdilution method was performed to determine the minimal inhibitory concentration (MIC) value of the agents used against *E. coli* according to the Clinical and Laboratory Standards Institute (CLSI) guidelines.\[[@ref15]\] A range of concentrations (0.125, 0.312, 0.625, 1.25, 2.5, 5, 10, 20, and 40 mg/ml in di-ionaized water) from GEN, CEF (Sigma-Aldrich, Germany), and MPA (Sigma Chemical Co. St Luis, MO, USA) were prepared.

Twenty microliters from a freshly cultured suspension of bacterium containing approximately 10^6^ *CFU*/ml were applied onto Mueller Hinton broth medium (MHB, Merck, Germany) supplemented with the various concentrations of GEN, CEF, MPA, and equivalent concentrations of the combination of GEN and MPA and/or CEF and MPA (twofold dilution). Control assays with the same concentration of the solvent (\<1%), and without the given test compounds were performed under the same condition. The microtiter plates were then incubated at 37°C for 24 h. MIC was calculated in triplicates for all compounds as the lowest concentration capable of causing a complete suppression of colony growth.

Minimal bactericidal concentration (MBC) values were determined by streaking contents from microtiter wells that gave significant MIC values on fresh MHB and incubated at 37°C for 24 h. The concentration, which caused complete free of CFU after 24 h incubation, was considered as MBC.

To determine the diameter of inhibition zone, we used the punch hole method. Briefly, the surface of previously prepared nutrient agar medium was inoculated with the same amount of organism (10^7^ *CFU*/ml) used for in vivo induction of APN. After 10 min, the surface of the agar medium was punched using a sterile cork borer. Twenty milliliters from individual antibiotics at the already calculated MIC and MBC concentrations were dropped into the holes and kept in an incubator for 24 h at 37°C for an optimal growth of the organism. Following 24 h incubation, the inhibition zone in all wells was read and the diameter expressed in mm.

Histopathological studies {#sec2-7}
-------------------------

On day 15, all rats, following anesthesia with ketamine (5%, 40 mg/kg, i.p.) and xylazine (2%, 5 mg/kg, i.p.), were euthanizedin a special device using CO~2~ gas. The left and right kidneys were immediately removed and were fixed in 10% buffer formal saline for further histopatholgical examinations. The samples were paraffin embedded; 5-6 μm sections were cut using rotary microtome. The samples were stained with the hematoxiline and eosin technique and ultimately analyzed under a light microscope. To evaluate the level of damage following APN induction and the effect of different regimens used in the test groups, indexes such as hemorrhages, congestion, leukocytic infiltration, fibroblastic proliferation, and degeneration were scored numerically. The criteria for pathological lesions were as follows: 0 for no detectable lesion, 1 for mild changes, 2 for moderate changes, and 3 for severe changes. The histopathological studies were conducted by a pathologist who was blinded to the study.

Statistical analyses {#sec2-8}
--------------------

Data are expressed as the mean ± SD. The results were analyzed using Graph Pad Prism software (version 2.01. Graph Pad software Inc. San Diego, California). The comparisons between groups were made by analysis of variance (ANOVA) followed by Bonferroni post test. For comparing the graded degree of pathological findings between groups, the Kruskal-Wallis test was used. A *P* value of \<0.05 was considered as significant.

Results {#sec1-3}
=======

Hematological analyses {#sec2-9}
----------------------

The hematological analyses following APN induction indicated that the control and +APN groups showed significant differences in all studied parameters. Without treatment +APN animals showed typical signs of infection. Administration of GEN at 20 mg/kg for 3 days resulted in improvement of the parameters; however, only total neutrophil density was significantly (*P* \< 0.05) reduced compared to the +APN group. Following the application of the combination therapy with GEN plus MMF for 3 days, the hematological results showed almost the same profile as we already described for GEN alone \[[Table 1](#T1){ref-type="table"}\].

###### 

Effects of the different treatment regimens on hematological parameters in rats with experimentally induced APN (3 days after the treatment); for each group n = 8, mean values ± SD are given

![](IJN-22-26-g001)

On 14 days after APN induction, the +APN group still exhibited relatively a high total white blood cell count (TWBC), total neutrophiles (TN) density, and low lymphocyte count in comparison to the control group. GEN and CEF administration for 14 days resulted in some recovery of the infected animals from hematological point of view. Surprisingly co-administration of GEN and MMF for 14 days caused no therapeutic effects on the hematological profile and as we expected the total lymphocytes density was significantly (*P* \< 0.05) reduced \[[Table 2](#T2){ref-type="table"}\]. By contrast, simultaneously administration of CEF and MMF remarkably recovered the +APN-induced hematological disorders.

###### 

Effects of the different treatment regimens on hematological alterations in rats with experimentally induced APN (14 days after the treatment); for each group n = 8, mean values ± SD are given

![](IJN-22-26-g002)

Biochemical parameters alterations {#sec2-10}
----------------------------------

Comparing the control and APN groups showed that following 3 days after APN induction in the +APN group, from the biochemical biomarkers creatinine but not BUN increased significantly (*P* \< 0.05). The measurements on 14 days after APN induction demonstrated a substantial increase of both parameters. On day 3, no significant differences were found between the APN group and other groups except animals which received GEN plus MMF that showed a significant (*P* \< 0.05) increase in BUN level \[[Table 3](#T3){ref-type="table"}\]. It was found that following 14 days treatment with GEN and/or CEF alone, CEF could return the biochemical changes significantly (*P* \< 0.05) to normal level. This experiment showed also a substantial increase of both BUN and creatinine in serum of the animals, which received the GEN and MMF, simultaneously. At the same time, co-administration of CEF and MMF resulted in a slight decrease of APN-induced elevation of BUN and a significant decline in ceratinine level.

###### 

Biochemical changes in serum of the rats after treatment with proposed compounds; for each group n = 8, mean values ± SD (mg/dl) are given
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MIC and MBC and IZD {#sec2-11}
-------------------

The first outcome of conducted assays indicates that GEN alone exerted a potent antibacterial effect against *E. coli*. MPA had no antibacterial effect on E. coli which used to induce APN in this study. Moreover, GEN + MPA, although increased the MBC value, the MIC value was not altered. At the same time the combination of CEF + MPA caused a significant decrease in diameter of the inhibition zone with an increase in MBC value. The values of IZ for both concentrations (MIC and MBC concentrations) were found slightly lower than that of individual treatment \[[Table 4](#T4){ref-type="table"}\].

###### 

MIC, MBC (mg/ml) and IZ (mm) of the tested compounds against *E. coli*

![](IJN-22-26-g004)

Histopathological findings {#sec2-12}
--------------------------

In the current study, no pathological lesions were observed in the left and right kidneys of the control group \[Figures [1a](#F1){ref-type="fig"} and [2a](#F2){ref-type="fig"}\]. In the APN group, however, as numerically scored in [Table 5](#T5){ref-type="table"} and depicted in Figures [1b](#F1){ref-type="fig"} and [2b](#F2){ref-type="fig"}, remarkable infiltration of the leukocytes and the occurrence of hemorrhages and hydropic degeneration representing acute phase of the experimentally induced infection were observed. The total score calculated by summing all scores in individual group and an average of three sections was obtained for each kidney. Although 14 days treatment with GEN could diminish the severity of the histological abnormalities, some pathological lesions such as focal leukocyte infiltration, fibroblastic proliferation along with broad congestion did not return to the normal \[Figures [1c](#F1){ref-type="fig"} and [2c](#F2){ref-type="fig"}\]. The kidneys in the CEF-treated group of animals showed less severe inflammatory feature with mild congestion, cell swelling, and focal fibroblastic proliferation \[Figures [1d](#F1){ref-type="fig"} and [2d](#F2){ref-type="fig"}\]. The histopathological lesions such as congestion, cell swelling, and very mild leukocyte infiltration were observed in the MMF-treated animals \[Figures [1e](#F1){ref-type="fig"} and [2e](#F2){ref-type="fig"}\]. Co-administration of GEN with MMF during 14 days failed to recover the APN-induced pathological lesions. Moreover, the situation became severely abnormal and glomerular swelling, hydropic degeneration, and cell swelling were seen \[Figures [1f](#F1){ref-type="fig"} and [2f](#F2){ref-type="fig"}\]. Histopathologically, although those animals which received simultaneously CEF and MMF showed less leukocyte infiltration, at the same time lesions such as the cortical congestion, mild hydropic degeneration, and focal necrosis were also observed \[Figures [1g](#F1){ref-type="fig"} and [2g](#F2){ref-type="fig"}\].

![Representative micrographs of the rat left kidney in (a) control, (b) +APN/+NS; the leukocyte infiltration into parenchyma along with congestion are seen, (c) +APN/+GEN; remarkable decrease of inflammatory cells infiltration is observed, (d) +APN/+CEF: cell swelling and degeneration are noticed, (e) +APN/+MMF; the glomerular swelling is observed, (f) +APN/+GEN+MMF; the inflammatory cells infiltration along with degenerative changes are present, and (g) +APN/+CEF+MMF; the focal necrosis and cells swelling are observed (H and E, ×100)](IJN-22-26-g005){#F1}

![Representative micrographs of the rat right kidney in (a) control, (b) +APN/+NS; congestion, hydropic degeneration and focal leukocytic infiltration are seen, (c) +APN/+GEN; focal leukocytic infiltration and fibroblastic proliferation are noticed, (d) +APN/+CEF; cell swelling and focal fibroblastic proliferation are observed, (e) +APN/+MMF; congestion and very mild focal leukocytic infiltration are seen, (f) +APN/+GEN+MMF; hydropic degeneration and the glomerular swelling are noticed, and (g) +APN/+CEF+MMF; the cortical congestion along with mild hydropic degeneration and focal necrosis are seen (H and E, ×100)](IJN-22-26-g006){#F2}

###### 

Pathological findings in the left kidney following APN induction and given regimens of the treatments; mean values ± SD are given

![](IJN-22-26-g007)

Discussion {#sec1-4}
==========

This study demonstrated that GEN is not an appropriate choice for the treatment of APN in cases which simultaneously are treated with immunosuppressive agents such as MMF. Comparing the +APN and the control groups indicated that 3 days after APN induction a significant increase in TWBC and TNTP occurred signaling out an acute infection. At the same time a significant elevation of both BUN and creatinine levels confirmed that the infection most likely affected the kidneys.

In the management of APN, using effective antibiotics and attempts to reach a high concentration of chosen antibiotic in renal parenchyma are key considerations. Most commonly used antibiotics in APN are one of the followings: (1) fluoroquinolones; (2) aminoglycosides; or (3) an extended-spectrum cephalosporin.\[[@ref16]\] GEN and CEF administration in this study relatively could diminish the severity of the APN. It seemed however none of them were able to cure completely the functional and pathological disorders induced by APN. The possible reason for this finding might be related to nephrotoxicity of aminoglycosides. It has been demonstrated that the aminoglycosides are nephrotoxic because part of the given antibiotic is accumulated in epithelial cells.\[[@ref17]\] Comparing two antibiotics used in this study revealed that CEF showed relatively better outcome as reflected by hematological and biochemical assays \[Tables [1](#T1){ref-type="table"}--[3](#T3){ref-type="table"}\]. The most acceptable explanation for this finding could be related to the CEF pharmacokinetics as it is not only eliminated by the renal system but it is equally eliminated by the hepatic system too. Thus, it might be concluded that the CEF administration unlike to GEN, does not cause serious renal disorder. It has been reported that CEF plasma concentration increased in human critical care patients suffering from acute renal failure suggesting that in certain conditions such as renal and hepatic acute disorders, CEF may cause adverse effects.\[[@ref18]\]

In management of the uncomplicated form of APN, patients do not essentially require to be hospitalized and 14 days antibiotic therapy will be adequate to overcome the disease.\[[@ref19]\] This strategy, however, certainly would be inadequate in complicated APN. There are accumulating data indicating that in a high percentile of the transplanted patients the incidence of APN is high, representing a frequently occurring form of complicated APN.\[[@ref20]\] Certainly the effective management of these patients cannot be as simple as in uncomplicated APN cases. For example, in patients with organ transplantation along with antibiotic therapy, the administration of immunosuppressive agents such as MMF would be essential.

The second part of this study was devoted to clarify the impact of co-administration of MMF with widely used antibiotics. Co-administration of GEN with MMF not only did not recover the APN-induced injuries but also resulted in remarkable increases in serum level of BUN, creatinine and inflammatory cells in the blood. Previous data reported the nephrotoxicity of aminoglycosides could be characterized with nonoliguric renal failure and a rise in serum creatinine.\[[@ref21]\] There is, however, lack of knowledge to show any chemical or pharmacological incompatibility between aminoglycosides and in particular GEN and MMF. We do suggest an interaction, which might be related to the pharmacokinetics, mainly the common way of excretion of both compounds. It is well established that aminoglycosides largely are excreted via urine and due to accumulation in renal epithelial cells they can cause lipid peroxidation and an increased expression of heat shock protein 72 leading to considerable damage in the kidneys.\[[@ref22][@ref23]\] On the other hand, it has been reported that MMF after oral administration is absorbed rapidly and hydrolyzed to MPA by estrases. Another possible explanation for incompatibility between GEN and MMF could be possible enzyme up/down-regulation by GEN and consequently changing the concentration of MPA and other metabolites of MMF in plasma. This hypothesis has been demonstrated for some enzymes including gamma-glutamyltransferase, beta-N-acetylglucosaminidase, which following GEN-treatment the activity of them increased significantly.\[[@ref24]\]

Another major concern regarding the co-administration of GEN and MMF could be the interaction of these compounds in renal system. The MPA glucuronide (MPAG) metabolite is excreted into the urine via active tubular secretion.\[[@ref25][@ref26]\] The urinary excretion of MPAG and GEN-induced nephrotoxicity may explain the biochemical and histopathological negative impact of concomitant administration of MMF with GEN.

The increase of the BUN and creatinine levels after 14 days treatment with GEN plus MMF clearly indicates a dysfunction of the kidneys. These biochemical findings are firmly supported by our histopathological findings in the kidney tissues. Histopathological findings such as regenerative lesions by inflammatory cells infiltration and degenerative alteration by granulation of epithelial cells all indicate an aminoglycoside nephrotoxicity.\[[@ref17]\] Therefore, it would be reasonable conclusion that MMF co-administeration with GEN may strengthen the aminoglycoside-induced nephrotoxicity. Although co-administration of CEF and MMF was able to recover partly the hematological and biochemical changes, CTF was unable to cure the pathological damage. The reason for this various effects of the combination might be explained by the fact that the recovery of pathological damage requires relatively long period of time.

In general, determination of MIC and MBC values are required to clarify the presence or the absence of resistance mechanism(s) and also to highlight whether the selected compound exerts an antibacterial effect on chosen pathogen.\[[@ref27]\] In this study, the obtained MIC values for GEN and CEF support the MIC values which are suggested by European committee on antimicrobial susceptibility testing (EUCAST) for GEN of \>4 mg/l, and the recommended CLSI breakpoint of ≥16 mg/l for various strains of *E. coli*.\[[@ref28]\] According to CLSI guideline, it became clear that the strain of *E. coli* used in this study could be categorized as susceptible to GEN and CEF.\[[@ref29]\]

In conclusion, this study showed that CEF plus MMF could be applied for the treatment of complicated APN. However, in APN cases which co-administration of GEN with MMF is provided, the biochemical and histopathological abnormalities may occur. Moreover, the hematological and biochemical negative alterations could be used as reliable laboratory tools to monitor the combination therapy.
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